The molecular aetiology of steroid-induced osteonecrosis (ON) is unclear. The aim of this study was to investigate changes in the femoral head blood supply and vascular endothelial growth factor (VEGF) protein levels following steroid-induced ON of rabbit femoral heads in the early stage of the disease, and to investigate a possible mechanism for ON. Using a classic protocol, ON was induced in 30 male 28-week old New Zealand white rabbits. An additional 15 untreated rabbits served as controls. Change of blood supply in the proximal femur was assessed by dynamic magnetic resonance imaging and microangiography. The VEGF protein and mRNA levels were assessed by immunohistochemistry and quantitative real-time polymerase chain reaction, respectively. After 6 weeks, the results indicated that VEGF protein and mRNA levels were significantly lower and femoral head blood supply had also decreased significantly in ON + rabbits compared with controls. The downregulation of VEGF may play a critical role in the disease process of ON.
Introduction
Osteonecrosis (ON) of the femoral head (ONFH) has been reported to occur in patients who have received corticosteroids as treatment for underlying diseases, such as systemic lupus erythematosus, nephrotic syndrome and renal transplantation. 1, 2 It is most commonly seen in the hip and progresses to secondary osteoarthritis after subchondral collapse. Total joint arthroplasty is a major therapeutic option for collapsed ONFH. There have, however, been many reports of a higher rate of early failure in patients with ON than in agematched patients with other diagnoses, suggesting that the prognosis of ONFH is poor even after surgical treatment. 2,3 Thus, the pathogenesis of ONFH needs to be clarified in order to develop preventative measures for this disease.
Although several theories regarding the pathogenesis of steroid-associated ON have been proposed, 4 -6 the precise pathomechanism, especially the molecular G Wang, CQ Zhang, Y Sun et al. Femoral head blood supply and VEGF in osteonecrosis pathomechanism, for ONFH remains unclear.
The local blood supply and vascularization of the femoral head is generally considered to be involved in the occurrence of ONFH. 7 Vascular endothelial growth factor (VEGF; encoded by the VEGFA gene), as an important mediator of angiogenesis, plays a critical role in vascularization and vessel function. 8 In view of these effects of VEGF on angiogenesis, it was hypothesized that down-regulation of VEGF may contribute to the development of ON in rabbits by reducing vascular number and decreasing blood perfusion within the femoral head in the early stage of the disease.
Thus, the present study was designed to determine, using multiple advanced bioimaging and molecular biological techniques, whether VEGFA expression, intraosseous vessel microarchitecture and blood perfusion differed between steroidtreated rabbits with and without ON.
Materials and methods

ANIMALS AND TREATMENT
The experiment was approved by the Animal Experiment Ethics Committee of Shanghai Jiao Tong University, Shanghai, China. A total of 45 male New Zealand white rabbits, aged 28 weeks with a body weight of 3.5 -4.3 kg were housed at the Experimental Animal Centre of the investigators' hospital and received a standard laboratory diet and water ad libitum. ONFH was induced in 30 rabbits using methylprednisolone (MPS; Pfizer, New York, NY, USA) and lipopolysaccharide (LPS; Sigma-Aldrich ® , St Louis, MO, USA) according to Qin et al. 5 In brief, one injection of LPS 10 µg/kg body weight was given intravenously and then three injections of MPS 20 mg/kg body weight were given intramuscularly, each at a time interval of 24 h following the previous injection. The control group consisted of 15 untreated rabbits.
DYNAMIC MRI FOR BLOOD PERFUSION
Dynamic magnetic resonance imaging (MRI) was performed for the bilateral proximal femora prior to LPS injection (baseline) and 6 weeks after the last injection of MPS, using a 3.0 T superconducting system (ACS-NT Intera; Philips Healthcare, Best, The Netherlands).
The perfusion index (maximum enhancement) was calculated as: maximum = (SI max − SI base ) × 100% enhancement SI base where SI base was the baseline signal intensity and SI max was the maximum signal intensity.
The mean maximum enhancement value measured at the bilateral proximal femora was determined for each rabbit.
QUANTIFICATION AND THREE-DIMENSIONAL VISUALIZATION OF VESSEL NETWORKS
Perfusion and decalcification
Under general anaesthesia, the abdominal cavity of the rabbit was opened and a scurf needle with a 25-mm syringe was inserted into the abdominal aorta distal to the heart, with ligation of the portion that was proximal to the heart. The vasculature was flushed with 50 U/ml heparinized normal saline at 37°C, at a flow speed of 20 ml/min via a syringe. As soon as the outflow from an incision to the abdominal vein was limpid, 10% formalin (0.1 M phosphate-buffered saline [PBS], pH 7.4) (37°C) was pumped into the vasculature to fix the skeletal specimen. 9 The formalin was then flushed from the vasculature using heparinized normal saline and the vasculature was Femoral head blood supply and VEGF in osteonecrosis injected with Microfil ® MV-122 (Flow Tech Inc., Carver, MA, USA), a lead chromatecontaining confected radiopaque silicone rubber compound, based on the manufacturer's protocol. The animals were then euthanized with an overdose of pentobarbital sodium 50 mg/kg of body weight (Abbott Laboratories, Abbott Park, IL, USA) and stored at 4°C for 1 h to ensure polymerization of the contrast agent before microangiography.
Bilateral femoral samples were harvested and fixed in paraformaldehyde (4%) for decalcification using 10% ethylenediaminetetra-acetic acid (EDTA), pH 7.4. The proximal one-third of the bilateral femoral samples from each group (n = 6 rabbits/group), were obtained for evaluation.
Microangiography
With the help of an experienced microcomputed tomography (microCT) application specialist, the femoral shaft was fixed in a polymethylmethacrylate (PMMA) sample tube with its long axis perpendicular to the bottom of the tube in preparation for microCT scanning using µCT (GE Healthcare Biosciences, Piscataway, NJ, USA). The scan was perpendicular to the shaft and was initiated from a reference line 10 mm away from the bottom with an entire scan length of 10 mm.
TISSUE PREPARATION
The remaining rabbits (n = 24 rabbits in the treatment group, n = 9 rabbits in the control group) were euthanized 6 weeks after the MPS injection using a large intravenous dose of pentobarbital sodium 50 mg/kg of body weight (Abbott Laboratories); this was followed by an immediate aortectomy. For light microscopy examinations, both femora and humeri (a total of four bone samples) were obtained at the time of death and were fixed for 1 week in 10% buffered formalin (0.1 M PBS, pH 7.4). The bone samples were decalcified with 10% EDTA for 3 weeks. Bone samples were cut along the coronal plane in the proximal one-third and along the axial plane in the distal part (condyle). The specimens were embedded in paraffin, cut into 4-µm sections, and stained either with haematoxylin and eosin or used for immunochemistry.
EVALUATION OF OSTEONECROSIS
Whole areas of the proximal one-third and distal condyles of the femora and humeri (a total of eight regions) were histopathologically examined for the presence of ON. Diagnosis of ON was made by three authors (G.W., Y.F., Y.S.), blinded to the randomization, on the basis of the diffuse presence of empty lacunae or pyknotic nuclei of osteocytes in the bone trabeculae accompanied by surrounding bone marrow cell necrosis. 10 All rabbits that had at least one ON lesion out of the eight areas examined were considered to be rabbits in which ON had been successfully induced (ON + rabbits).
IMMUNOHISTOCHEMISTRY
Deparaffinized bone tissue sections were digested with 0.1% trypsin (Sigma-Aldrich, St Louis, MO, USA) and 0.1% calcium chloride in 10 mM PBS, pH 7.4, for 15 min at 37°C, and then washed with deionized water. Endogenous peroxidase activity was deactivated by immersing sections in 3% hydrogen peroxide in 10 mM PBS for 10 min at 37°C and then rinsing several times in 10 mM PBS. Sections were blocked with 10% bovine serum in 10 mM PBS for 30 min at room temperature to reduce non-specific binding, and incubated overnight at 4°C with an antirabbit VEGF primary antibody (1:100 dilution; Calbiochem, Darmstadt, G Wang, CQ Zhang, Y Sun et al.
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Germany) that recognizes 121, 165 and 189 amino acid isoforms of rabbit VEGF. Sections were further incubated with a secondary biotinylated goat antimouse immuno globulin G (IgG) antibody diluted in 10 mM PBS (1:250 dilution; Boster, Wuhan, China) and streptavidin peroxidase for 30 min at 37°C. The sections were thoroughly rinsed in 10 mM PBS with shaking following each step. Immunoreactivity was determined by incubating the sections in a chromogen solution containing diaminobenzidine and 0.1% hydrogen peroxide in the dark, followed by counterstaining with haematoxylin and eosin. The sections were then dehydrated in alcohol and mounted using Permount. Negative control sections were processed using similar steps to those described above, but were incubated only with PBS or normal non-immune mouse IgG in place of primary antibody.
TOTAL RNA EXTRACTION AND REAL-TIME QUANTITATIVE PCR
After quick freezing in liquid nitrogen, the subchondral bone samples were stored at -80°C for mRNA extraction. The samples were pulverized using a pestle and mortar under liquid nitrogen in a RNase-free environment. Total RNA was extracted according to Ma et al. 11 The relative amount of mRNA was normalized to the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. The realtime quantitative polymerase chain reaction (PCR) was carried out using the Advantage ® RT-for-PCR Kit (Clontech Laboratories Inc., Mountain View, CA, USA). The primer sequences were: rabbit VEGF, TGCCCAC CGAGGAGTTCA (forward), GGCCCTGGTG AGGTTTGAT (reverse); and rabbit GAPDH, AAACTCACTGGCATGGCCTT (forward), TTA GCAGCTTTCTCCAGGCG (reverse). The cycling programme involved preliminary denaturation at 93°C for 2 min, followed by 30 cycles of denaturation at 93°C for 45 s, annealing at 55°C for 60 s and elongation at 72°C for 45 s, followed by a final elongation step at 72°C for 7 min. The PCR products were separated by electrophoresis on a 2% agarose gel containing ethidium bromide and analysed by UV light. The PCR products were quantified using the ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Each sample was run and analysed in triplicate. Samples from the control rabbits were used as the calibrator with a given value of one, and the ON + group was compared with this calibrator.
STATISTICAL ANALYSIS
Statistical analysis was performed using the SPSS ® statistical package, version 11.5 (SPSS Inc., Chicago, IL, USA) for Windows ® . Data for the ON-induced group and control group were compared at each time point. Statistical differences between multiple groups were determined by one-way analysis of variance. A Student-Neuman-Keuls test was used to determine significant differences between two groups. A P-value < 0.05 was considered to be statistically significant.
Results
MORTALITY AND ON PREVALENCE
Throughout the experimental period, no rabbits died as a result of the induction of ON. In total, 90% of the rabbits (27/30) in the treatment group developed ON (i.e. were ON + ) 6 weeks after the last injection of MPS, while no ON lesions were found in the control rabbits (n = 15).
HISTOLOGICAL FEATURES
In the ON + group, at 6 weeks after MPS injection, yellowish or whitish necrotic areas that were irregularly distributed within the G Wang, CQ Zhang, Y Sun et al.
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femur could be recognized macroscopically. Histologically, ON lesions were multiaggregated in the subchondral bone of the femoral head. The bone trabeculae showed empty lacunae or pycnotic nuclei of osteocytes, while the surrounding bone marrow tissue had undergone necrosis. In the control group, no apparent histopathological changes were found.
BLOOD PERFUSION BASED ON DYNAMIC MRI
A significant decrease (P < 0.05) in the maximum enhancement of both proximal femurs was found in the ON + rabbits when compared with baseline, whereas no significant change was found in the control rabbits (Fig. 1A, 1B) . A moderate decrease in the perfusion index maximum enhancement at both sides was found in the ON − rabbits (controls plus the three treatment group rabbits that did not develop ON) when compared with baseline (data not shown).
VASCULAR MICROARCHITECTURE EVALUATED BY MICROCT
Blood vessel microarchitecture for both the ON + and control samples was reconstructed in a three-dimensional visualization. The control samples showed normal vascular architecture, whereas in the ON + samples, this vasculature was not visible in and around the necrotic lesions of the femoral head ( Fig. 2A) . Quantitatively, the mean ± SD number of vessels penetrating the proximal femur was 33.2 ± 3.21 in the control group compared with 4.07 ± 0.53 in the ON + group (Fig. 2B) . The difference between the ON + and control groups was statistically significant (P < 0.05). 
IMMUNOHISTOCHEMICAL ANALYSIS
In the subchondral bone of the necrotic femoral heads (ON + rabbits), slight VEGF immunoreactivity (VEGF-IR) was found in the osteoblasts and endothelial cells during the experimental period (Fig. 3A) . In the subchondral bone of the control rabbits, the osteoblasts and endothelial cells showed a significantly high level of VEGF-IR ( Fig. 3B ; P = 0.021). In addition, in the bone marrow of proximal femora, the VEGF-IR of the control rabbits was higher than that of the ON + rabbits (Fig. 3C, 3D ). VEGF-IR was absent when the primary antibody was replaced with PBS or non-immune mouse serum, suggesting specific binding of the VEGF antibody.
REAL-TIME QUANTITATIVE PCR
Expression of the VEGFA gene, as measured by quantitative real-time PCR, showed significantly lower levels of VEGF mRNA in 
Control
Steroid treated ON + * C B FIGURE 3: Photomicrographs of the subchondral bone and bone marrow of the proximal femur immunostained with antivascular endothelial growth factor (VEGF) antibodies: (A) in osteonecrotic femoral heads, slight VEGF immunoreactivity (VEGF-IR) was found in the osteoblasts and endothelial cells; (B) in the subchondral bone of the control group, the osteoblasts and endothelial cells showed a significantly (P = 0.021) high level of VEGF-IR, and the bone matrix and osteocytes also showed VEGF-IR; (C) in rabbits with osteonecrosis (ON + ), slight VEGF-IR was found in bone marrow haematopoietic cells and the number of bone marrow haematopoietic cells had decreased; (D) in control rabbits, bone marrow haematopoietic cells showed intensive expression of VEGF G Wang, CQ Zhang, Y Sun et al.
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the ON + rabbits when compared with the control rabbits at 6 weeks (P = 0.032; Fig. 4 ).
Discussion
Steroid-related ON represents a devastating disease mainly affecting young people. Surgical procedures that aim to enhance revascularization of the necrotic area by applying angiogenic growth factor (mainly VEGF) have shown viable results, demonstrating that VEGF and blood supply may play a role in the development of ON. 8, 12 To the authors' knowledge, however, there are few data on the direct change of femoral head blood supply and VEGFA expression in steroid-induced ONFH. Thus, the aim of the present study was to investigate the expression of VEGFA in a A B 50 µm 50 µm C D 50 µm 50 µm Femoral head blood supply and VEGF in osteonecrosis steroid-related rabbit ON model and to discuss a possible reason for ON. Downregulation of VEGF, reduction in vessel numbers and decrease in blood perfusion of the subchondral bone of the femoral head were examined 6 weeks after steroid injection. It is not known whether there are any causative relationships between downregulation of VEGF, decreased blood supply and ischaemia. Considering the important role of VEGF in angiogenesis, the concomitant decreased blood supply and ischaemia may have been caused by the down-regulation of VEGF and, thereby, contributed to the development of ON in the rabbits (Fig. 5) . This view is supported by the results of a previous study showing that upregulation of VEGF in a rabbit model of ON enhanced neovascularization of necrotic bone and suppressed steroid-induced ON. 11 Ischaemia is the assumed cause of ON. 7,13 The present study showed that, in ON + rabbits, local blood perfusion was significantly decreased by sequential MPS injections. The vessel microarchitecture of the femoral head was also well demonstrated by microCT-based microangiography; threedimensional visualization revealed a decrease in the number of penetrating vessels in the intraosseous vascular network of necrotic lesions. In a previous study, 14 researchers tried to study the relationship between human avascular necrosis of the femoral head and blood supply using conventional angiography. Due to the restriction of the examination technique, quantitative analysis of vessel development was very difficult. With the advent of microCT, intraosseous vessels in both proximal femurs can be easily demonstrated and quantified for comparison. Since the microCT available for the present study was an in vitro model, dynamic MRI was also used to monitor the local perfusion disturbance of the corresponding skeletal sides. The impaired blood perfusion in vivo, based on MRI, was confirmed by the change in vessel architecture of the necrotic femoral heads using microCT. Although several hypotheses regarding the pathogenesis of impaired intraosseous blood supply have 
Control
Steroid treated ON + * Relative VEGF mRNA level (fold) FIGURE 4: Vascular endothelial growth factor (VEGF) mRNA levels (mean ± SD), analysed by real-time quantitative polymerase chain reaction in steroid-induced osteonecrotic rabbit femoral heads (ON + ; n = 27) and in control femoral heads (n = 15) 6 weeks after the injection of methylprednisolone, showing a significant decrease for the ON + group compared with the control group normalized to 1 (*P < 0.05) Femoral head blood supply and VEGF in osteonecrosis been presented, 4 -6 the molecular pathophysiology of the decreased blood supply was not investigated.
There was significant down-regulation of VEGF in the femoral heads of ON + rabbits treated with steroids in the present study and, at the same time, blood supply was greatly decreased. Thus, it could be postulated that down-regulation of VEGF contributes to the occurrence of ischaemia and then ON. Furthermore, because VEGF is a key regulator that couples angiogenesis, bone formation and repair, down-regulation of VEGF may suppress the formation and repair of subchondral bone in necrotic femoral heads. 15 The question arises as to what factors are associated with the down-regulation of VEGF in response to steroids in ON + rabbits. Use of corticosteroids may be the main reason. A recent study showed that MPS inhibited endothelial cell proliferation and significantly down-regulated mRNA and the production VEGF protein. 16 Yano et al. 17 found that, in vivo, glucocorticoids decreased VEGF production directly through the glucocorticoid receptor. Iwai et al. 18 also reported that VEGF was down-regulated by glucocorticoids. Other possible factors may include hyperlipidaemia, which is prevalent in steroid-related ON, 2 because hyperlipidaemia is reported to decrease expression of the VEGFA gene and its downstream signalling molecules. 19 In summary, the expression of VEGFA was markedly decreased in steroid-treated rabbits with ON, which was accompanied by a decreased blood supply. These intraosseous changes may be important when considering the pathophysiology of ON.
